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Study of CPO resonances on the intercombination line in 173Yb
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We study coherent population oscillations (CPO) in an odd isotope of the two-electron atom
Yb. The experiments are done using magnetic sublevels of the Fg = 5/2 → Fe = 3/2 hyperfine
transition in 173Yb of the 1S0 →
3P1 intercombination line. The experiments are done both with
and without an appied magnetic field. In the absence of an applied field, the complicated sublevel
structure along with the saturated fluorescence effect causes the linewidth to be larger than the
190 kHz natural linewidth of the transition. In the presence of a field (of magnitude 330 mG), a
well-defined quantization axis is present which results in the formation of two M-type systems. The
total fluorescence is then limited by spin coherence among the ground sublevels. In addition, the
pump beam gets detuned from resonance which results in a reduced scattering rate from the 3P1
state. Both of these effects result in a reduction of the linewidth to a subnatural value of about 100
kHz.
PACS numbers: 42.50.Gy, 42.50.Md, 32.70.Jz, 32.80.Qk
I. INTRODUCTION
Coherent population oscillation (CPO) is a phe-
nomenon in which two levels are coupled by two coher-
ent electromagnetic fields of different amplitudes and fre-
quencies [1]. This results in the population difference
between the two levels to oscillate periodically at the
beat frequency of the two fields. The linewidth of the
resulting resonance is limited by the population relax-
ation rate, and can be subnatural for optical transitions.
In recent times, it has received much interest from the
quantum optics community [2–4], because narrow CPO
resonances can be used for applications in light storage
[5, 6] and optical memories [7]. It has other applications
similar to the related phenomenon of coherent population
trapping (CPT) [8], but is more advantageous because of
the following reasons.
(i) There is no third level involved, so it can be ob-
served in a larger class of materials including gases,
liquids, and room temperature solids.
(ii) It does not require a two-photon resonance, there-
fore laser jitter—both frequency and amplitude—
becomes irrelevant.
(iii) It offers spectral features that are broad, which im-
plies that the medium will respond to very short op-
tical pulses (of picosecond duration or less), whereas
the shortest pulses that can be manipulated by
CPT-based schemes are of nanosecond duration.
We have recently reported the first experimental ob-
servation of CPT and CPO in the two-electron atom Yb
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[9], a theoretical model for which was presented in Ref.
[10]. The study was novel because it was an observa-
tion in a V-type system, a system which does not have
such resonances in a one-electron atom. We used the in-
tercombination line (1S0 →
3P1 transition) at 556 nm
and the even isotope 174Yb. We used a small magnetic
field (of order 0.5 G) to shift the CPT resonances away
from line center, and retain only the CPO resonances.
The linewidth of the central peak was then about 400
kHz, which was a factor of two higher than the natural
linewidth of the upper 3P1 state. This was because the
peak was due to multiple CPO resonances, each of which
had a resonant pump field.
Here, we report a study of CPO resonances in the odd
isotope 173Yb. The main difference from our work on the
even isotope is that there is a single peak with and with-
out a magnetic field. This is because there are only CPO
resonances and no CPT resonances. CPT resonances will
move in the presence of a magnetic field, because the field
will cause the pump beam to become detuned and the
resonance will appear at the location where the probe
beam has the same detuning. For CPO resonances, such
detuning does not cause any shift from line center be-
cause it only deals with the two levels being coupled, but
will cause a reduction in decoherence due to spontaneous
emission from the excited state. The reduced scatter-
ing rate will result in a reduction in the linewidth of the
CPO peak. The detuning also causes a decrease in the
fluorescence signal, and an overall decrease in the signal-
to-noise ratio (SNR). This explanation is borne out by a
detailed density-matrix calculation of the levels involved.
We demonstrate this using the Fg = 5/2 → Fe =
3/2 hyperfine transition 173Yb, but the same trend of
linewidth reduction is observed for the other two hy-
perfine transitions in this isotope. 173Yb was preferred
over the other odd isotope 171Yb—which has only one
transition—for the following reason. It gives us the abil-
2ity to study transitions where the number of sublevels
in the excited state is of three different kinds: smaller
(5/2→ 3/2), equal (5/2→ 5/2), and larger (5/2→ 7/2).
This ability to study transitions with different num-
ber of sublevels is one of the main differences from the
earlier work on CPO resonances done with metastable
He in Ref. [2]. In addition, those experiments were done
with a vapor cell inside a magnetic shield. By contrast,
our experiments are done with an atomic beam, because
a vapor cell gets coated with Yb and becomes opaque
due to the high sublimation temperature of Yb (about
500°C). Therefore, it is practically impossible to make a
vapor cell of Yb; hence all our previous Yb work has been
done using fluorescence detection from an atomic beam
[11, 12]. The theoretical model given in Ref. [2] is also
not applicable to our case mainly because of the large
number of levels involved.
II. EXPERIMENTAL DETAILS
The experimental setup shown in Fig. 1 is the same
as in our previous work in Ref. [9], and is reviewed here
for completeness. Briefly, the 1S0 →
3P1 transition at
556 nm is generated by doubling the output of a fiber
laser with linewidth of 70 kHz. The doubling is done in a
commercial external cavity doubler using potassium nio-
bate as the nonlinear crystal. As seen in the figure, part
of the output beam from the doubler is used to lock the
laser to the correct hyperfine transition. To achieve this,
the laser beam is sent perpendicular to the atomic beam,
and the resulting fluorescence is collected using a pho-
tomultiplier tube (PMT). The frequency dither required
for generating the error signal is obtained by frequency
modulating the acousto-optic modulator (AOM) in the
path of the laser beam.
The remaining part of the laser beam is used for the
experiment. It is divided into two parts—one as a pump
beam and the other as a probe beam—with orthogo-
nal linear polarizations using a polarizing beam splitter
(PBS). The pump beam is fixed in frequency, and is reso-
nant with the transition used for locking the laser. This is
achieved by using a second AOM with an identical shift
(of +100 MHz) as the one used for laser locking. The
probe beam is scanned around this transition by double
passing a third AOM at 50±2 MHz. The double passing
ensures directional stability as the AOM is scanned, and
the variable shift of ±2 MHz allows the probe beam to
be scanned by ±4 MHz around the resonance. The two
beams are combined on another PBS, and then trans-
ported to the experimental chamber using a polarization
maintaining (PM) fiber. The use of the fiber ensures
perfect overlap of the two beams as the probe beam is
scanned. The mode coming out of the fiber is perfectly
Gaussian. The power in each beam is 40 µW and its
1/e2 diameter is 5 mm, which gives a maximum Rabi
frequency of 1.2 Γ at beam center. The output of the
fiber is sent perpendicular to the atomic beam, and the
FIG. 1. Experimental setup. The probe beam is scanned
by ±4 MHz using a double-passed AOM. Figure key:
λ/2—halfwave retardation plate; PBS—polarizing beam
splitter; PM fiber—polarizing maintaining fiber; PMT—
photomultiplier tube.
resulting fluorescence signal is detected using a second
identical PMT.
The atomic beam used both for laser locking and the
experiment is contained in an ultra high vacuum (UHV)
chamber. The beam is generated by resistively heating a
quartz ampule containing an ingot of unenriched Yb to
a temperature of about 400◦C. The vacuum chamber is
maintained at a pressure below 10−8 torr using a 20 l/s
ion pump.
The magnetic field required for the experiment is gen-
erated by winding three pairs of Helmholtz coils in three
orthogonal directions on the outside of the UHV cham-
ber. The value of the B field was measured with a three-
axis fluxgate magnetometer. The first set of experiments
was done with nominally zero field. However, the pres-
ence of stray fields in the lab, coupled with the fact that
no magnetic shield was used, meant that there was always
a small non-zero field. The second set of experiments was
done with a finite longitudinal field, which was generated
by increasing the current in the pair of coils that is coax-
ial with the laser beam. The value of 330 mG is the same
as the one used in our even isotope work, and it was cho-
sen so that CPT resonances move significantly away from
line center in the presence of the field. The stability of
the power supply driving the coils is better than 10−4.
III. EXPERIMENTAL RESULTS
173Yb has a nuclear spin I of 5/2, hence there are three
hyperfine transitions in this line: 5/2→ 3/2, 5/2→ 5/2,
and 5/2→ 7/2. Experimental spectra for the first transi-
tion are shown in Fig. 2. The first thing to notice is that
there is a single peak, both with and without an applied
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FIG. 2. Experimental spectra for the 5/2 → 3/2 hyperfine
transition, showing a single peak due to multiple CPO and
CPT resonances. (a) With no applied B field. (b) With an
applied B field of 330 mG.
B field. The linewidth of the peak without a field—but
with a resonant pump beam—is 270 kHz. This is slightly
larger than the natural linewidth of the intercombination
line of 190 kHz (determined by the lifetime of the 3P1
state), and arises both because of multiple CPO reso-
nances contributing to the peak and a saturated fluores-
cence effect. The saturated fluorescence effect is a two-
level process in which there is a dip in the fluorescence
at zero detuning. This has been previously observed in
the intercombination line in Sr [13]. In the presence of a
B field of 330 mG, the linewidth reduces to a subnatural
value of 100 kHz. This is primarily because of reduced
spontaneous emission from the upper state—the B field
causes the pump beam to be detuned—as shown in our
work on CPT resonances [14]. While this is the main ef-
fect, other mechanisms limiting the linewidth include the
ground-state decoherence rate, power broadening, and
transit-time broadening. The relative contributions of
these factors is considered in detail in the “Theoretical
Analysis” section.
The same behavior, i.e. a linewidth reduction in the
presence of a B field, is seen for the other two hyperfine
transitions—5/2 → 5/2 and 5/2 → 7/2. The results of
linewidth measurements for all three cases are shown in
Fig. 3. As seen, the linewidth of the resonance for the
no-field case shows a steady increase from the one for
the 5/2 → 3/2 transition. This is because the number
of sublevels increases steadily, which results in more and
more decay channels contributing to the peak.
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FIG. 3. Linewidth of transitions without and with an applied
B field. The error bars are the 1σ deviations obtained from
the Lorentzian fit.
FIG. 4. Magnetic sublevels of the 5/2 → 3/2 hyperfine tran-
sition in 173Yb. Transitions coupled by the pump beam are
shown with solid lines, while those coupled by the probe beam
are shown with dotted lines. The probe beam is scanned in
frequency with a variable detuning δ. The pump beam has
a fixed frequency resonant with the zero-field transition, and
gets detuned in the presence of a B field. The magnitude of
the shift for each excited sublevel is proportional to ∆B.
IV. THEORETICAL ANALYSIS
The complete sublevel structure for the 5/2 → 3/2
transition in the presence of a B field is shown in Fig. 4.
The presence of the field defines a quantization axis,
which is independent of the direction of light polariza-
tion. Therefore, even though the light beams are linearly
polarized, we do not have to consider transitions coupled
by pi polarization (selection rule ∆m = 0). Furthermore,
the role of pi polarization has been discussed in detail in
our earlier work on the even isotope [9]. It is also rea-
sonable to consider only transitions in the presence of a
B field because, as mentioned in the experimental details
section, it is practically impossible to nullify stray fields
completely.
Each excited state sublevels shifts by an amount pro-
portional to ∆B, which is 139 kHz for our experimental
field of 330 mG. The pump and probe beams are linearly
4polarized. This means that they decompose into equal
amounts of right circular (σ+) and left circular (σ−) po-
larizations. σ+ couples transitions with the selection rule
∆m = +1 and σ− couples with selection rule ∆m = −1.
Transitions between sublevels coupled by the pump
and probe beams depicted in Fig. 4 show that the sys-
tem separates into two M-type subsystems. This shows
that no CPT-like resonances are formed, because CPT
requires a simple three level Λ-type system.
In order to see this theoretically, we do a density-
matrix analysis of this system. To enable this we de-
pict the two types of transition in the figure with differ-
ent colors. The first one (shown in blue) involves the
ground sublevels mFg = −5/2,−1/2, and + 3/2. The
second one (shown in red) involves sublevels mFg =
−3/2,+1/2, and + 5/2. For ease of writing the Hamil-
tonian, we define the levels in the first system from |1〉 to
|5〉. The Rabi frequency of the probe beam driving the
|i〉 → |j〉 transition is Ωpij while its detuning is δ
p
ij . The
corresponding parameters for the pump beam are Ωcij
and δcij . The Rabi frequencies of the probe and pump
beams are weighted by the respective Clebsch-Gordan
coefficients. In the rotating wave approximation, the
Hamiltonian is
H = 0 |1〉 〈1|
− h¯δp12 |2〉 〈2|
− h¯(δp12 − δ
p
23) |3〉 〈3|
− h¯(δp12 − δ
p
23 + δ
p
34) |4〉 〈4|
− h¯(δp12 − δ
p
23 + δ
p
34 − δ
p
45) |5〉 〈5|
+
(
h¯Ωp12
2
+
h¯Ωc12
2
e−ih¯(δ
p
12
−δc
12
)t
)
|1〉 〈2|
+
(
h¯Ωp23
2
+
h¯Ωc23
2
eih¯(δ
p
23
−δc
23
)t
)
|2〉 〈3|
+
(
h¯Ωp34
2
+
h¯Ωc34
2
e−ih¯(δ
p
34
−δc
34
)t
)
|3〉 〈4|
+
(
h¯Ωp45
2
+
h¯Ωc45
2
eih¯(δ
p
45
−δc
45
)t
)
|4〉 〈5|
+Hermitian conjugate
(1)
As seen from the figure, the probe detunings are such
that
δp12 − δ
p
23 = 0 and δ
p
34 − δ
p
45 = 0 (2)
since there is no splitting of the ground state. The equa-
tion of motion of the density matrix ρ is given by
ρ˙ = −
i
h¯
[H, ρ]−
1
2
{Γ, ρ} (3)
where Γ is the decay matrix. Its diagonal terms give
the total decay rate (radiative and non-radiative) of the
respective population terms. The off-diagonal terms rep-
resent the decoherence rate between states |i〉 and |j〉,
such that
Γij =
Γii + Γjj
2
(4)
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FIG. 5. Transient behavior of ρ22+ρ44 (populations in upper
levels) for the first M-type system shown in Fig. 4. Γe is the
spontaneous decay rate of the excited state. The value of the
B field is taken as 330 mG, and the Rabi frequencies of both
the beams are taken to be at the maximum value from the
experiment (1.2 Γe).
Γij between two ground states is the spin relaxation rate,
and is taken to be 2pi × 10 kHz.
The solution of Eq. (3) will be time dependent because
the Hamiltonian is time dependent. Hence the solution
can be written in the form
ρij = ρ
0
ij + ρ
±1
ij e
±i(δp
ij
−δcij)t + ρ±2ij e
±2i(δp
ij
−δcij)t + ... (5)
ρ0—the DC component of ρ—is found by taking the
Fourier transform of the numerical solution of ρ, which
includes all orders in the expansion.
The fluorescence signal obtained in the experiment is
proportional to the population in the upper levels, i.e.
ρ22 + ρ44. From the time dependence of this quantity
shown in Fig. 5, we see that it oscillates around a mean
value after a few lifetimes of the excited state. Thus, the
system reaches “steady state” after this time.
The other M-type system is analyzed in a similar man-
ner. For clarity, it is denoted with prime symbols in
Fig. 4. The “steady state” populations in the upper lev-
els for the two M-type systems, i.e. ρ22+ρ44+ρ2′2′+ρ4′4′ ,
are shown in Fig. 6. The main thing to notice is that there
is only one peak at line center, exactly as seen in the
experimental spectrum. This is different from the spec-
trum for the even isotope, shown in Ref. [9], where four
shifted peaks corresponding to CPT resonances were seen
in the presence of a B field. The linewidth of the peak is
smaller than the natural linewidth because detuning will
cause reduced decoherence from the upper state. But
this comes at the price of reduced fluorescence signal,
something which is also observed experimentally.
We have considered other factors limiting the
linewidth. Ground state decoherence rate plays a neg-
ligible role. Transit-time broadening [15] contributes to
less than 20%. Power broadening [16] contributes to less
than 50%. Therefore, reduced scattering from the excited
state remains the dominant factor.
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FIG. 6. Populations in the upper levels as a function of probe
detuning for the two M-type systems formed using magnetic
sub-levels of the 5/2 → 3/2 transition in the presence of B
field of 330 mG. The Rabi frequencies of both the beams are
taken to be at the maximum value from the experiment (1.2
Γe).
The theoretical model presented above reproduces the
fact that the experimentally observed linewidth is sub-
natural. But it does not give the exact linewidth ob-
served, probably because it assumes a constant Rabi fre-
quency across the laser beam while in reality it is a Gaus-
sian distribution.
V. CONCLUSIONS
In summary, we have studied CPO resonances in the
odd isotope 173Yb. The magnetic sublevel structure of
the intercombination line used in this study is such that
the peak at line center does not split into multiple peaks
in the presence of a B field, which is quite different from
the even isotope used in our previous work [9]. The effect
of a B field is to cause the pump beam to be detuned from
resonance, which results in a reduced scattering rate from
the excited state of the transition. The effect of this
on the CPO resonance peak is to reduce its linewidth.
The linewidth reduces to a subnatural value of 100 kHz
with a magnetic field of 330 mG. Such features could lead
to new mechanisms for sub-Doppler cooling in divalent
atoms compared to the more commonly used monovalent
alkali-metal atoms [17].
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